During its nine-year lifetime, the Energetic Gamma Ray Experiment Telescope (EGRET) on the Compton Gamma Ray Observatory (CGRO) detected 1506 cosmic photons with measured energy E>10 GeV. Of this number, 187 are found within a 1
Introduction
Between 10 GeV and about 100 GeV lies a largely unexplored portion of the electromagnetic spectrum. Neither satellite gamma-ray telescopes nor ground-based Cherenkov gamma-ray telescopes have had significant sensitivity in this energy band. Nevertheless, it is an astrophysically interesting region. Some sources are seen that appear on both sides of the gap (some BL Lac objects and at least one supernova remnant); other sources seem to vanish in this region (Flat Spectrum Radio Quasars, pulsars, unidentified sources). Particularly in preparation for the upcoming GLAST (Gamma Ray Large Area Space Telescope) mission that will be studying this band, any insight into this portion of the spectrum should prove valuable.
One source of data above 10 GeV is the EGRET database. EGRET was planned for a relatively short mission in which few photons above 10 GeV were anticipated; therefore it was not optimized for these high energies. In particular, EGRET used a monolithic anticoincidence detector to screen out charged particles (See Hughes et al. (1980) ; Kanbach et al. (1988 Kanbach et al. ( , 1989 ; Thompson et al. (1993) , and Esposito et al. (1998) for a description of the instrument and its capabilities.), but very-high-energy gamma rays interacting in the instrument often produced secondary particles that scattered into this anticoincidence detector, causing a self-veto. Due to this effect, the high energy sensitivity was reduced so that the effective area at 10 GeV was about 50% of its peak sensitivity between 500 and 1000 MeV (Thompson et al. 1993) . With the extended lifetime of the CGRO mission, however, even the limited EGRET sensitivity produced over 1500 photons with measured energies greater than 10 GeV. This paper is a systematic study of these highest-energy photons from EGRET by members of the original EGRET team. We reviewed the original analysis of all the candidate high-energy photons to assure that the event structuring from the spark chamber images was correct and consistent selections were applied. Although much of the subsequent analysis was done on the individual photons, we also extrapolated the EGRET performance parameters to higher energies than were covered by the EGRET calibration, in order to determine exposure values.
This work is not the first to use some of these data. Some of the events are located within the regions of sources that are listed in the EGRET catalogs, the most recent of which is the Third EGRET Catalog (Hartman et al. 1999 ). These were included in assessing the source significances, their locations and their energy spectra. The diffuse Galactic spectrum (Hunter et al. 1997 ) and the diffuse extragalactic radiation (Sreekumar et al. 1998 ) included data points above 10 GeV. One of the BATSE gamma ray bursts seen on February 17, 1994 was also detected by EGRET, and among the photons it observed was one event with energy E = 18.4 GeV. Its arrival was delayed by 79 minutes from the time of the burst (Hurley et al. 1994 ).
Some archived EGRET data above 10 GeV have been analyzed previously (e.g. Dingus and Bertsch (2001) ; Fonseca et al. (2001) ; Strong, Moskalenko, and Reimer (2004) ). Although the archive does not have the final screening that was applied to the current data set, the differences are small. Some of the results presented here duplicate these earlier analyses.
EGRET Data Analysis
EGRET was the high-energy gamma-ray telescope on the Compton Gamma Ray Observatory (CGRO), whose mission lasted from 1991−2000. The telescope covered the energy range from about 30 MeV to over 20 GeV, limited at the high end by statistics. EGRET recorded gamma-ray photons individually as electron-positron pair production events, which were processed automatically (with manual verification) to provide the arrival direction and energy of each photon. The point-spread function was energy-dependent, having a 67% containment radius of approximately 5.8
• at 100 MeV and smaller values at higher energies. This radius was 0.5
• at 10 GeV, the highest energy for which experimental calibration was done (Thompson et al. 1993) . The arrival time of each gamma ray was recorded in Universal Coordinated Time (UTC) to an accuracy of better than 100µs. The field of view of EGRET extended to more than 30
• from the instrument axis, although the sensitivity at angles beyond 30
• was less than 15% of the on-axis sensitivity. Because of the low flux level of the high energy gamma rays, observing periods were typically 2−3 weeks. The EGRET database includes over 5 × 10 6 gamma-ray events that were recorded during the 9 year mission (Note that EGRET was not operated continuously due to Earth occultation, South Atlantic Anomaly passages, and spark chamber gas conservation in the second half of the mission.). Some of these events have arrival direction that exceed 40
• from the instrument axis, regarded as the maximum field of view, or whose arrival may intercept the Earth's limb, known to be a bright gamma-ray source (Thompson, Simpson, andÖzel 1981) . Moreover some of the events were recorded during periods of testing or calibration or non-standard instrument configuration. For the study of the very high energy events, a selection was made for energies E > 10 GeV and for valid observing times. Then additional cuts were made to select events whose arrival direction are within 40
• of the instrument axis and whose arrival direction relative to the Earth's zenith is less than 105
• . This angle was selected to be 4 standard deviations away from the geometric atmospheric boundary, given the instrument point-spread-function at these high energies. A total of 1550 events meeting these criteria were found.
Spark chamber images of each of the selected events were reviewed by an experienced analyst to eliminate events whose structuring was questionable, or whose initial interaction point might possibly have been within the spark chamber walls. At these high energies, tracks in the EGRET spark chamber are expected to be straight, with little scattering. Events without at least one straight track were eliminated. The energy measurement depends on the electron-positron pair depositing energy in the energy-measuring calorimeter, the Total Absorption Shower Counter (TASC); events in which the tracks did not point toward the calorimeter were eliminated. On the basis of such screening, only 44 events were eliminated from the sample, leaving 1506 high energy events. Consequently, this additional review has little effect on earlier analyses, in particular the galactic (Hunter et al. 1997 ) and extragalactic (Sreekumar et al. 1998) papers. The event associated with the February 17, 1994 burst remains in the list of valid events. A table listing the arrival date and time, energy and energy uncertainty, arrival direction in galactic coordinates, energy class, and angle from instrument axis of each photon with energy E > 10 GeV is available in FITS format in the anonymous FTP site on gamma.gsfc.nasa.gov in the directory /pub/VHE events named VHE event.tbl. In this table, energy class A signifies a good quality of measurement by the TASC with both of the pair tracks pointed toward the interior portion of the TASC, and energy class B signifies a poorer quality in which some energy leakage out of the side of the TASC probably occurred. For conciseness, we refer to the E > 10 GeV EGRET events as VHE events elsewhere in this paper. In astrophysics, VHE typically refers to data from ground-based atmospheric Cerenkov telescopes at energies above 100 GeV. Our use of the same term emphasizes that these highest-energy EGRET events begin to bridge the gap between space-based and ground-based telescopes. Table 1 shows the distribution of measured event energies for the E > 10 GeV data. Energy measurements from the EGRET TASC calorimeter (8 Radiation Lengths of NaI) suffer from substantial shower leakage above 10 GeV, so that the measurement uncertainty grows with increasing energy. The FWHM on energy measurement is about 25% at 10 GeV, the highest energy for which experimental calibration was done (Thompson et al. 1993) . At the highest energies, the uncertainty in individual photon energy measurements is estimated to be typically 50%. Examples of energy uncertainties for individual gamma rays are shown in Tables 5 -9. As expected in almost any astrophysical situation, the number of events decreases rapidly with increasing energy. In the case of EGRET, this fall-off is exacerbated by the fact that the EGRET detection efficiency also falls off with energy above 10 GeV. Table 2 shows the distribution of arrival directions of VHE events within EGRET, expressed as an angle from the vertical axis (pointing direction of EGRET). Because the tracks in the spark chamber show little scattering, this distribution essentially reflects the geometric response of the instrument. As the angle from the axis increases, the solid angle grows, but the projected area of the triggering telescope decreases. Over 60% of the photons were detected at arrival angles between 10
• and 25
• and only 4% were detected above 30
• .
All-Sky Distribution of the E > 10 GeV Events
EGRET exposure maps generally were made for events within 30
• of the instrument axis. An all-sky exposure map for energies above 4 to 10 GeV using that angle cutoff is part of the standard EGRET products. For the purposes of making an all-sky map that is weighted by exposure, 59 events beyond 30
• were removed from the list in order to be consistent with all-sky exposure map. The EGRET effective area decreases above 1 GeV due to self-veto by secondaries generated when high-energy gamma rays shower in the calorimeter. The instrument response was not directly calibrated above 10 GeV. However, Monte Carlo modeling of the self-veto (Thompson et al. 1993; Sreekumar et al. 1998) showed that the effective area above 10 GeV decreases approximately exponentially with energy as exp(−E/36 GeV ). This function, when weighted by a power-law spectrum gives effective areas relative to the effective area for 4 to 10 GeV shown in Table 3 for three specific power-law indices. Since the galactic diffuse emission is reasonably fit with a power-law of spectral index 2.1 (Hunter et al. (1997) ), the 4 to 10 GeV all-sky exposure map was scaled by 0.645, and then the ratio of the counts map to the resulting exposure map was generated to produce the map shown in Fig. 1 . Although this extrapolation of the response inherently introduces additional systematic uncertainty (Hunter et al. 1997; Sreekumar et al. 1998) , the photon statistics for any individual sources are so small above 10 GeV that the overall uncertainty in any calculated VHE flux is dominated by the statistics.
While strictly speaking, this map is an intensity map, the events are so sparse that it is better to regard it as a relative counts map weighted by the exposure. The character of this map is similar to EGRET all-sky maps at lower energies with the galactic plane being one of its most striking features, and that indicates that much of the emission is due to galactic diffuse processes and galactic sources. In Fig.2 , the galactic latitude and longitude distributions of the VHE photons are compared with the corresponding distributions for the >100 MeV energy range. The similarity in both latitude and longitude between the two ranges shows that the VHE photons have essentially the same source characteristics as the > 100 MeV photons where diffuse processes are dominant (Hunter et al. (1997) ).
E > 10 GeV Events in Third EGRET Catalog Sources
A search was made to identify the VHE events that fall within 1
• of EGRET 3rd Catalog sources. This search radius was chosen to account for the average source uncertainty as well as the uncertainty in the location of the VHE events (0.5
• ). A total of 187 events were identified, and these are listed in Table 4 . The last column in Table 4 gives the number of photons above 10 GeV expected within the 1
• circle from the diffuse Galactic and extragalactic emission. To derive these values, the diffuse models (Hunter et al. (1997) ; Sreekumar et al. (1998) ) for the 4 to 10 GeV energy interval were multiplied by the summed exposure map for the mission in that same energy band. The resulting diffuse counts map was then renormalized to have the same total count as the observed number of > 10 GeV photons (1506). For any source location, a Poisson probability of chance occurrence can be calculated using the number derived from this map as the average. The use of a renormalized counts map rather than an absolute calculation is critical, because the EGRET diffuse model is known to underpredict compared to the observations above 1 GeV (the "GeV excess"). The renormalization essentially eliminates the spectral discrepancy. More recent diffuse models, such as Strong, Moskalenko, and Reimer (2004) , provide better absolute fits to the observed spectrum, but the large-scale spatial distribution does not differ dramatically from the earlier work. At energies above 10 GeV the present statistics are far too small to distinguish such models based on spatial distributions. Use of a more recent model, similarly normalized to the observed number of photons, would not, therefore, have any significant impact on the diffuse estimates in Table 4 . Some obvious sources in Table 4 are the bright EGRET pulsars: Crab (3EG J0534+2200), Geminga (3EG J0633+1751), Vela (3EG J0834−4511), and PSR B1706−44 (3EG J1710−4439). Comparing the number of photons seen with those expected from the diffuse emission shows that essentially all events are likely to be associated with the sources. As a confirmation, a likelihood analysis was carried out for the pulsar locations, using the standard EGRET software. (The EGRET likelihood analysis is described in detail elsewhere (Mattox et al. 1996) .) The analysis reproduces the pulsars as significant detections: Crab (8.5 σ), Geminga (7.1 σ), Vela (4.8 σ), and PSR B1706−44 (6.1 σ). These pulsars are steady, Galactic sources which received substantial EGRET exposure and have relatively flat energy spectra. Their appearance above 10 GeV is perhaps not surprising, except for the fact that Vela and Geminga in particular have spectra with distinct spectral breaks in the few GeV range. The fact that the spectra extend above 10 GeV suggests that these breaks are not sharp cutoffs. The statistics are, nevertheless, too small to define a detailed spectral shape at these high energies.
Other clusters of events near 3EG sources are near the Galactic Plane in the highintensity region toward the inner part of the Galaxy. In this region, the diffuse Galactic emission is sufficiently high that the probability of chance coincidence is not negligible. A cluster of 8 photons is seen, for example, within 1
• of 3EG J1746−2851 near the Galactic Center, but the diffuse emission expected in such a circle can account for 3.5 of those photons. The excess is significant (3% chance probability; there is no trials factor in the probability calculation, because the source location is already defined), but the diffuse emission cannot be completely neglected. In addition to the source just mentioned, the highest-confidence unidentified 3EG sources for having E>10 GeV emission are 3EG J1410−6147, 3EG J1627−2419, 3EG J1655−4554, 3EG J1714−3857, 3EG J1837−0606, and 3EG J1856+0114, all with less than 10% probability that the number of photons seen is a fluctuation on the diffuse emission.
One, and only one, of the blazars seen by EGRET shows more than three nearby VHE photons. PKS 1406−076 has four photons within 1
• . The probability that these four come from the diffuse emission is less than 10 −6 . These photons appear in two pairs. The first pair occurred close to the time of the bright flare of this source seen in January, 1993, CGRO Viewing Periods 206 and 207. The second pair occurred in December, 1994, during Viewing Period 405, at a time when the E>100 MeV emission from this blazar was not strong. It appears as only an upper limit in the EGRET catalog. Clusters of three photons (all statistically improbable based on the expected diffuse emission) are found near three other blazars: 0430+2859 (0.04 chance probability), 1622−297 (< 0.01 chance probability), and 2155−304 (< 10 −5 chance probability). A more detailed review of the VHE photons that might be associated with blazars is in progress (Dingus and McEnery 2004) .
Search for Spatial Clustering of the E > 10 GeV Events
In order to search for high energy source locations other than the ones associated with cataloged EGRET sources, the high energy photon events above 10 GeV were surveyed for spatial clustering. Test circles with 1
• radius were stepped in 0.5
• increments over the entire sky and the number of VHE events was recorded for each position. Each location of three or more photons occurring within the error radius (1 • ) were processed using the EGRET likelihood analysis program in order to determine whether such events represent gamma ray emission significantly greater than that expected from diffuse background. All but one of the clusters turned out to be consistent with known 3EG sources.
One unidentified five photon cluster was found between galactic longitudes 179 and 180, and galactic latitudes −1 and −2. Using likelihood analysis to localize this excess produces the map shown in Fig. 3 . The cluster direction lies near the center of the shell of supernova remnant S147 (G180.0−1.7), which is 3
• in diameter (see summary by Green (2004) ). The cluster is within 1
• of PSR J0538+2817, which is associated with this supernova remnant (see summary information at www.atnf.csiro.au/research/pulsar/psrcat). Treated as a single trial, the statistical significance of this cluster is 4.8σ, but it was found in the course of a search over all VHE photons. Likelihood analysis of this direction at energies lower than 10 GeV in the EGRET maps produces no significant signal. The likelihood analysis shows that PSR J0538+2817 lies outside the 99% confidence contours, making it unlikely that this pulsar is the source of these photons. These photons were detected within the seven years of the mission between 1992 and 1999, with no two photons occurring less than approximately a year apart. Although we cannot rule out the possibility of a real source with an extremely flat spectrum, the data appear consistent with a fluctuation in the diffuse emission. Archival data from RXTE, ASCA and Chandra show no X-Ray emission from this location other than that associated with PSR J0538+2817.
Pulsar Timing Analysis
Timing analysis using the standard EGRET pulsar programs was carried out for the VHE photons close to known EGRET pulsars: Crab, Geminga, Vela, PSR B1706−44, and PSR B1951+32. No VHE photons were found close to PSR B1055−52. For Geminga, the timing parameters were those of Mattox, Halpern, and Caraveo (1998) . For the others, data were obtained from the CGRO Timing Data Base (http://pulsar.princeton.edu/ftp/gro/psrtime.dat) and the online radio timing information at the Australian Pulsar Timing Archive (http://www.atnf.csiro.au/research/pulsar/archive/) and Jodrell Bank Timing Database (http://www.jb.man.ac.uk/research/pulsar/).
The results for VHE photons within 1
• of five pulsars are shown in Fig. 4 and Tables 5 through 9, ordered by increasing Right Ascension. Even though the pulsar positions are known, the use of a 1
• radius is useful, because the sources are sufficiently bright that the background is not significant. The increased statistics from adding in more of the point spread function increases the significance of the pulsed detection. The VHE photon phases, shown in 0.05 phase bins, are compared to the light curves (dotted lines) seen at lower gamma-ray energies (see summary by Thompson (2004) ). Although the statistics are small, there is evidence of E>10 GeV pulsed emission for most of these pulsars, with the possible exception of the Crab. Some notes on the individual pulsars:
Crab. The pulsed emission covers approximately 0.6 of the full phase. Of the 10 VHE photons, 7 appear in the pulsed phase region and 3 in the unpulsed region. The statistics do not, therefore, warrant a claim of pulsed emission, nor do they rule it out. As discussed, for example, by deJager et al. (1993) , an unpulsed inverse Compton component from the Crab Nebula is expected to become dominant at these energies. The fact that 7 of the 10 photons have measured energy above 20 GeV is an indication of a very flat spectrum for this emission compared to that of any of the other pulsars. Only five photons in the entire EGRET database have measured energies above 100 GeV, although with very large uncertainty. Two of these photons are associated with the Crab, including the single highestenergy cosmic photon observed by EGRET. Both have phases close to that of the first pulse in the Crab light curve. The Crab will continue to be a target of great interest for both GLAST and ground-based gamma-ray telescopes.
Geminga. The VHE events are clearly concentrated in the pulsed portion of the phase plot, with a peak associated with the second pulse seen at lower energies. Five of the 10 photons are consistent with the second pulse. This trend toward a stronger second peak was noted previously with EGRET data above 5 GeV (Thompson 2001) .
Vela. Only four VHE events are seen, but all are in the pulsed portion of the light curve, and two of the four are within the second gamma-ray pulse. Three of the four events were seen in a space of three days, although this observation was not the deepest exposure to Vela. PSR B1706−44. A clear concentration of VHE events in the pulsed portion of the phase plot is seen, with 5 of the 9 photons associated with the first pulse and 2 additional photons consistent with the second pulse. This result agrees with the E>5 GeV observations (which include the same photons). PSR B1951+32. Although only two VHE photons are seen from the direction of this source, both have phase associated with the second pulse from the lower-energy data. These two have phases separated by less than 0.01. Despite the minimal statistics, we argue that these two photons do constitute evidence for pulsed emission above 10 GeV.
An earlier analysis based on archived EGRET data (Fonseca et al. 2001 ) reached similar conclusions.
Search for E > 10 GeV Photons Associated with Gamma Ray Bursts
The BATSE burst seen on February 17, 1994 in which EGRET detected delayed gamma ray emission with one event of energy 18.4 GeV arriving 79 minutes from the time of the burst (Hurley et al. 1994 ) prompted a search for delayed VHE emission from other BATSE bursts. For each burst in the BATSE catalog (www.batse.msfc.nasa.gov/batse/grb/catalog/current/tables/basic table.txt) the list of VHE events was searched to identify any events that were within 5
• of the BATSE direction and within 2 hours following the detection time. The choice of 5
• was governed by the BATSE location uncertainty. The only event that was found was for the February 17, 1994 burst.
A time clustering search was also made independent of the BATSE catalog. Time differences (t) between successive events were formed and their probability of occurrence was calculated given the mean VHE rate per live-day (m) according to 1 − exp(−t * m/86400). Pairs of events with probabilities less than 0.01 were examined to see if their arrival was consistent with the same sky location. No pairs were found.
Conclusions
Despite the limited statistics, the EGRET data offer hints of the astrophysical information available at photon energies between 10 and 100 GeV. The agreement in overall celestial distribution at these energies with that seen at lower energies demonstrates that a pair production telescope can identify such high energy photons even at the limits of its resolution. The detection of VHE emission from pulsars provides clear evidence that these spectra extend into this energy range. Indications of E>10 GeV radiation from unidentified Galactic sources and a few blazars illustrate the prospects for important discoveries with the GLAST Large Area Telescope, as well as with the new generation of ground-based gamma-ray observatories whose energy threshold is being pushed downward.
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